Background & Objective: Control of schistosomiasis, a neglected tropical disease has for a long time overly relied on praziquantel. Crayfish, though voracious snail eaters have been tested in small man-made impoundments but not in lotic habitats. The present study aimed to determine the ability of the crayfish, Procambarus clarkii to reduce populations of schistosome transmitting snails in lotic habitats.
Introduction
Schistosomiasis is one of the several so-called neglected tropical diseases (NTDs) that are pervasive in sub-Saharan Africa and elsewhere in the developing world [1] . Various strategies for control include chemotherapy to treat infected people, improved sanitation, public health education programs, and snail control [2] . Today, public health campaigns in endemic regions focus on mass drug administration using the oral drug, praziquantel (PZQ) [3] . Although PZQ is fairly efficacious against the sexually mature forms of the parasite, it is often unable to kill juvenile schistosomes present in the human body [4] . Additionally, there is concern that with the intensive use of PZQ drug resistance could render PZQ ineffective; given that drug resistant strains can easily be selected in the laboratory [5] and field derived strains with reduced susceptibility have been described [6] . Although artemether is known to be effective against immature schistosomes in the definitive host6and since most of the schistosomiasis endemic areas are also endemic for malaria transmission, there is reluctance to use it in such areas for fear of emergence artemether resistance [7] . Efforts to control the snail populations in the past through the use of chemicals or through alteration of snail habitats have resulted in environmental pollution and damage [8] . Another shortcoming associated with chemotherapy is that continued re-exposure to cercarial infested water leads to rapid re-infections of successfully treated patients in the endemic areas [9, 10, 11] .
Biological control of schistosomiasis as a complimentary strategy to existing control strategies is not commonly used in control programs primarily because it may involve use of exotic species which may negatively impact the local environment, possibly leading to extinction of the native bio-diversity [12] . However, studies carried out on fresh water snails in the Neotropical area have shown that the invading species may have a positive influence from the human health point of view, if their introduction leads to displacement of snail species that are responsible for the transmission of schistosomiasis [13] . The case of Martinique Island is especially relevant as a successful bio-control strategy where Biomphalaria glabrata and Biomphalaria straminea were displaced by the thiariid, Melanoides tuberculata after its accidental introduction into this island [14, 15] . A bacterial pathogen of snails, Paenibacillus glabratella, has also, been tested on B. glabrata. The bacterium causes massive mortality and affects both the adult and neonate snails [16] . However, it is unclear at this point; if the bacterium is specifically infective to the snails that serve as intermediate hosts for schistosomes, or it can also, infect other invertebrate species. A river prawn,Macrobrachium vollenhovenii, has also, been tested with varying success in River Senegal, Diama Dam, using the male prawns [17] .
The red swamp crayfish, Procambarus clarkii, α native of South-Central United States and North-Eastern Mexico, has been introduced to Europe, Africa, Central and South America and South-East Asia [18] . It was introduced into Lake Naivasha in Rift Valley, Kenya in the 1970's, and has since spread throughout several parts of Kenya. Previous studies indicated that P. Clarkiiis an effective predator of snails [20] , rapidly eliminated snail populations in small man-made ponds [19] , and, effectively reduced schistosomiasis transmission in such habitats [20] . However, no studies have been done in seasonal stream habitats which also, form significant foci for schistosomiasis transmission in endemic areas such as Kenya. In the present study, P. clarkii was tested for its ability to eliminate Biomphalaria pfeiferi, the freshwater snails involved in the transmission of S. mansoniin stream habitats located in the Machakos County, within the River Athi Basin.
Materials and Methods

Study Approvals
This study received approval from the Kenya Medical Research Institute (KEMRI) through its Scientific and Ethical Review Unit (SERU) and is referenced SSC No. 2798. Permission to undertake this study was also, obtained from the Kenya Wildlife Services (in a letter referenced KWS/BRM/5001) and the National Environment Management Authority (NEMA/10/22/VOL.1). The purpose of the study was explained to the local community in both the Kiswahili language and in the local Kikamba language, particularly to the people that lived near or frequently utilized the study habitats.
Biosafety Matters
Latex rubber gloves were worn by the project staff during snail sampling to prevent accidental exposure to schistosomecercariae, while heavy duty leather gloves were worn to prevent accidental crayfish bites during sampling.
Study Area
The study was undertaken in the Machakos County of Kenya, in localities within the River Athi Basin, in seasonal streams, identified through an initial survey as habitats for Biomphalaria pfeifferi, a prominent snail host of Schistosoma mansoni, the causal agent of intestinal schistosomiasis.
Baseline Survey and Data Collection
Out of the 15 stream habitats surveyed in the area, 4 were selected as the study habitats, and were sampled bi-monthly between June 2014 and March 2016. Two of the 4 selected study stream habitats (namely Kyanguli and KwaMutanga streams) were designated "Experimental" and received crayfish after an initial 6-months baseline sampling. The other 2 (Kyaana and Kamuongo) were designated as "Control" and no crayfish were introduced into the habitats. All the 4 study habitats selected had thriving populations of B. Pfeifferisnails which persisted for the 6 months all the habitats were sampled, prior to the introduction of crayfish into the "Experimental" sites. In each study habitat, 3 sampling stations were identified and marked, and were sampled during each visit to the habitats. The study habitats were sampled to determine presence or absence of crayfish, snail and crayfish abundance, and to determine schistosome infection prevalence in the snail populations.
Snail Sampling and Screening
Snails were sampled in all the 4 study habitats at designated sampling stations using standard snail scoops made of stainless steel sieves with a mesh size of 2×2 mm, supported on an iron frame, and mounted on a 1.5 m long wooden handle. Snails were sampled for 15 min at each sampling station along the littoral zones. Sampling was done between 0900 hrs and 1230 hrs. The snails collected were sorted into species, counted, and screened for mammalian schistosome infections. Screening for schistosome infections was done using the "shedding" method in which the snails are isolated individually into wells of 24-well culture plates in 1 ml of mineral or aerated water, and left under natural or artificial light for 1.5-2hr to induce release of the schistosome larval forms known as cercariae, which develop in the snails and are infective to humans and other susceptible mammalian hosts.
Crayfish Sampling
Crayfish were sampled using locally made traps of plain wire and onion bags as shown in (Figure 1 ). The wire was cut into several 45 cm pieces. Where 3 pieces were folded to form circles and welded at the joints. Three straight wires were running the length of the three circles at equal distances and riveted at each point of contact with the circular wires. The traps were randomly placed in the water, and left for a maximum of 1hr, but were checked at 15 min intervals. Any crayfish caught were removed from the traps and placed in a lidded plastic bucket. The captured crayfish were then sized, sexed, counted, and then returned into the water after sampling. Only male catches were analyzed because they provided the best index of crayfish abundance [21] . 
Results
The Study Habitats
The streams discharge is highly seasonal with peak flow in April-May when flooding is sometime observed and scanty flow in December-February. The streams bed is very variable ranging from rocky bed, large blocks (> 1m), stones (5-25cm), coarse and fine gravel (2-50mm), and sand (<2 mm) with fine organic matter in small pools. Both emergent and sub-mergent aquatic macrophytes occur. Most of the streams habitats are still kept in natural status save for sand harvesting and small scale irrigation. Anthropogenic activities in these streams include but not limited to; clothes washing, bathing, watering domestic animals, fetching water for domestic use, manual and mechanized small scale irrigation. 
Snail Species Present in the Study Habitats
Crayfish Performance in the New Habitats
Following crayfish introduction in Kyanguli and KwaMutanga streams, the crayfish were able to establish thriving populations at Kyanguli. During the 20 month period of the survey, 6 juvenile crayfish, an indication of breeding, were spotted on the edges of the experimental streams. 77 adult predators were captured in Kyanguli stream over the entire study duration while 28 adult crayfish in Kwamutanga within the first 3 months post introduction. (Figure 3) shows juvenile crayfish captured at Kyanguli stream. 
Snail Abundance in the Study Habitats
After introduction of the crayfish in the "Experimental" habitats, a rapid decline in snail abundance was observed. For instance, within 3 months of crayfish introduction, snails completely disappeared at Kyanguli stream, never came back during the next 12 months of sampling at this habitat. At KwaMutanga stream, the snail abundance declined rapidly as well within 2 months of crayfish introduction ( Figure 6 ). However, crayfish had rarely established at this site due to human activities specifically cleaning of motor bikes (Figure 3 ). On the other hand, snails remained relatively abundant in the "Control" habitats (Kyaana and Kamuongo streams), even though the numbers fluctuated over time, during the observation period, snails never completely disappeared from these habitats (Figure 7 ).
The population of snails sampled was more in experimental streams than in control stream. This could be attributed to the accuracy of the sampling method or even natural variation of the population density due to breeding or even habitat suitability. However, the population in control streams grew to almost same levels as in experimental streams by January 2015 just before crayfish was introduced. This provides a basis to evaluate the effect of crayfish on snail population density that would be used as potential biological control for schistosomiasis. The snail population in experimental streams was significantly reduced (paired t test = 5.524, p value = 0.0001) compared to control streams (paired t test = 7.727, p value = 0.082) after the crayfish was introduced. This indicates that the crayfish was able to establish in the habitat and feed on snail as one of their source if nutrients for survival.
Comparison of Experimental and Control snail abundance after crayfish introduction
Kwamutanga stream ( Figure 8 ) the crayfish temporarily established within the first 3 months post introduction, almost wiped out the snails, but the crayfish pettered out by the 4th month leading to a resurgent of snails, may be due to the stream being used for motorcycle taxi washing. However, in Kyaana stream (control) snail population declined from January 2015 till May due to drying of the river and then increased during the months of June and July 2015 ( Figure 9) . A slight decrease was observed during August as water levels declined and then a steady population reached from November 2015 through March 2016 in Kyaana stream. A comparison using one sample t test showed a significant difference (t = 10.575, p = 0.0001). This shows despite environmental changes such as flooding, drying and human activity, crayfish fed on snail leading to a significant drop in their population. 
Discussion
This study is the first attempt to determine the effect of crayfish on snail populations in stream habitats. Previous studies in small man-made ponds located within the Athi river Basin in Kenya showed that crayfish rapidly reduced snail numbers in such habitats, and indeed, in one stable habitat, they established self-sustaining populations and prevented re-establishment of snails for several months [25] . In the present study the effect of crayfish on pulmonate snail populations was determined in stream habitats. While crayfish are known to occur in stream habitats in Kenya, their ability to eliminate pulmonate snails of medical and veterinary significance in the country has not been determined. The fact that crayfish were able to persist at Kyanguli over several months and eliminated the snail populations in this habitat suggest that P. clarkii could play a role in control of snails of medical or veterinary significance in endemic areas such as Kenya. Although KwaMutanga stream seemed an ideal habitat for crayfish establishment, we experienced difficulties getting the crayfish to survive or establish in this habitat. While we do not have an explanation why crayfish could not establish in this habitat, we suspect pollutants that could potential kill the crayfish may have present in the stream. Apparently, the site at which we released the crayfish into the habitat is frequently used as a motorcycle taxis (locally popularly known bodaboda) washing site, and it is possible that petroleum products from the motor cycles such as oil or petrol may be responsible for failure of crayfish to survive and establish at this site.
Bio-control means for control of snails of medical or veterinary importance is preferred to chemical mollusciding, as it is not only considered environment friendly but also offers sustainability [25] . As schistosomiasis is transmitted from water sources frequent use of chemical molluscicides may have longterm adverse affects on water ecosystem as well as negatively affect people and animals that use the same water sources. In the search, for effective biological control agents against schistosometransmitting snails, the crayfish appears to be particularly promising given that it is an efficient predator of pulmonate snails responsible for transmitting disease causing parasites in both humans and livestock [26] . However, it is envisaged that the widespread use of this crustacean for snail control will most likely be based on continual or repeated restocking of the predator in the transmission sites analogous to the use of molluscicides as transmission sites of such parasites include seasonal streams which are subject to frequent flooding during heavy rains, which end up washing away the crayfish, or to drying out completely in the dry season which may lead to the disappearance of the crayfish [27] .
In the current study, though adult crayfish were recovered in Kyanguli stream on subsequent bi-monthly sampling, it was not possible to tell whether the catches represented the originally introduced crayfish or their progenies, future studies should seek to uniquely tag the released crayfish to differentiate them from F1 and subsequent generations. The researchers recommend further work to establish the feasibility of the use of crayfish as biocontrol of schistosomiasis.
Although this study was limited by the number of study habitats, study duration, and also, experienced setbacks with flooding and in one habitat, possible human-related interference which, overall may have influenced the outcome of this study, the data obtained demonstrates the potential of the decapod crustacean, Procambarus clarkii, as a biological control agents against aquatic snails responsible for transmission of trematode parasites that cause disease in humans and domestic livestock, such as schistosomiasis (bilharzias) and fascioliasis (liver fluke disease) in stream habitats which may sometimes experience flooding or long dry season, and therefore, may require restocking or re-introductions, once in a while. Further studies on this crustacean should therefore, be encouraged. The study limitation included environmental factors such as floods, drought and human activity affected survival of the snails and thus limits generalization of the results. The snail survival in both experimental and control streams were negatively affected by flooding and human activity such as washing of motorbikes which would reduce the impact of the intervention strategy applied in this study. However, there is a clear indication that crayfish had significant impact to the decrease of the snail population in the experimental streams. This environmental impact would be reduced by replicating the study in artificial setting such as a swimming pool where most variables can be controlled.
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